Two new cellulose-growth specific (cel) cDNAs, cel2 and cel4, have been isolated from an Agaricus bisponrs cDNA expression library by immunoscreening with an A. bisporus anti-'endoglucanase antibody. The deduced amino acid sequences showed that both C E U and CEL4 proteins have a modular structure consisting of a fungal-type cellulose-binding domain (CBD) and a catalytic domain separated by a linker region rich in Pro, Ser and Thr. The CELZ and CEDI catalytic domains were homologous to fungal cellobiohydrolases (CBH) in family 7 and to fungal mannanases in family 5 of the glycosyl hydrdases, respectively. A previously isolated cDNA derived from a constitutive gene was also sequenced. The deduced amino acid sequence corresponded to 5-aminolaevulinic acid synthase (ALA), the first enzyme in the haem biosynthetic pathway, and was most similar to other fungal ALAS. RNA analysis showed that the expression of cel2 and cel4 genes was induced by cellulose and repressed by glucose, fructose and lactose. The soluble cellulose derivative CM-cellulose induced mRNA accumulation for cell but not cel2, cel3 or cel4. Mannitol, maltose, sorbitol and glycerol decreased cel2 and cel4 mRNA levels to different extents. cell, cel2, cel3 and cel4 mRNAs all disappeared after the addition of glucose with apparent half-lives of less than 20 min. Whether cel mRNAs have short half-lives or glucose affects the stability of cel transcripts remains to be investigated.
INTRODUCTION
Agaricus bisporus, the edible mushroom, produces a complete cellulase system that enables its growth on crystalline cellulose as the sole carbon source (Manning & Wood, 1983; Wood et al., 1988) . We have undertaken the study of cellulase production by A. bisporus from a molecular perspective with the aim of understanding its regulation both in minimal media and during development of the sporophore. Two genes (cell and ce13) and their products (CEL1 and CEL3) have been characterized to date (Raguz et al., 1992; Chow et al., 1994; Armesilla et al., 1994; Yagiie et al., 1996) . CELl and CEL3 proteins have a modular structure ( Fig. 1 ) like many other cellulases (Bkguin & Aubert, 1994) . Recombinant CEL3 has been expressed in Saccharomyces cerevisiae as an active protein able to hydrolyse several cellulolytic substrates (Chow et al., 1994) . However, CEL1, which has no homologue in the sequence databases, has no endoglucanase (EG) activity (measured as Congo red staining), but it binds to (Armesilla et al., 1994) E. Y A G U E a n d OTHERS Avicel or filter paper, or have any turbidimetric effect on Avicel suspensions, nor does it produce any disrupting effect on cotton cellulose fibrils (this laboratory, unpublished observations).
Cellulase production by A. bisporus is inducible by cellulose and repressed by easily metabolizable carbon sources (Manning & Wood, 1983; Wood et al., 1988) . Induced expression of both cell and cel3 in minimal medium occurs at least in part by an increase in transcription of the genes, as measured in nuclear runon assays (Yagiie et al., Chow et al., 1994) .
In this paper we present the isolation and characterization of two new A. bisporus cel cDNAs, the characterization of a constitutive cDNA, and the regulation of expression of the corresponding genes by the carbon source in minimal medium.
METHODS
Organism and culture conditions. A. bisporus D649 mycelium was grown in 50 ml of defined minimal medium (Manning & Wood, 1983) with Whatman CC41 microcrystalline cellulose (0.5 g l-'), or with CM-cellulose, D-fructose, D-glucose or glycerol (each 1.0 g 1-l). The transfer experiments were carried out by filtering the culture medium through a nylon mesh under sterile conditions, washing the mycelium with 100 ml minimal medium lacking any carbon source and transferring to a fresh culture medium with the appropriate carbon source. Addition of carbon sources to previously grown cultures was made in 5 ml minimal medium. After the specified cultivation times mycelium was harvested by filtering through a nylon mesh, frozen in liquid nitrogen, and kept at -70 "C.
Recombinant DNA techniques. A previously described cDNA library from cellulose-grown mycelium in lambda ZAP was immunoscreened with an A. bisporus anti-' EG ' antiserum (diluted 1:200) (Raguz et al., 1992) and a horseradishperoxidase-linked donkey anti-rabbit Ig second antibody (diluted 1 : 2500) (Sigma). Immunodetection was carried out using the ECL detection kit (Amersham) following the manufacturer's instructions. Positive immunocrossreacting plaques were isolated and clones obtained by in vivo excision and rescued using ExAssist helper phage (Stratagene). DNA fragments were subcloned into M13mp18 and sequenced with Sequenase (Amersham). Clone pSRc300 was sequenced mainly as double-stranded template in an ABI automatic sequencer (Molecular Medicine Unit, King's College London) following the manufacturer's instructions. Sequence analysis was performed with the programs in the GCG package (Genetics Computer Group, 1991) . Total RNA isolation and Northern analysis were carried out essentially as previously described (Raguz et al., 1992) .
RESULTS

Isolation of ce/2 and ce14 cDNAs
Approximately 170 000 recombinant plaques from an A. bisporus cDNA library in lambda ZAP were immunoscreened with an A. bisporus anti-'EG' antibody (Raguz et al., 1992) . Thirty putative positive plaques were selected in a first screen, of which 13 were clearly positive in a second screen. The recombinant cDNAs were rescued as inserts in pBluescript. One of these clones hybridized to cell cDNA (Raguz et al., 1992) and two to cel3 cDNA (Chow et al., 1994) ; these were discarded. The remaining 10 were used to make radiolabelled probes and hybridized to RNA isolated from mycelium growing on minimal medium with either crystalline cellulose or glucose as the sole carbon source (results not shown). Seven clones were further discarded since five were not derived from cellulose-growth specific mRNAs and two gave ambiguous results. The remaining three clones, pEYc521, pEYc.522 and pEYc1200, hybridized to mRNAs synthesized under cellulose-growth specific conditions of approximately 1.4 kb (pEYc521 and pEYc522) and 1.2 kb (pEYc1200). Cross-hybridization experiments indicated that both pEYc.521 and pEYc.522 were derived from the same mRNA and these clones also hybridized to a PCR fragment obtained by using primer based on sequence from c6hl of Trichoderrna reesei (results not shown).
Clones pEYc521 and pEYc1200 were used as probes to re-screen the cDNA library and isolate approximately 20 clones hybridizing to each cDNA. The longest clones were further analysed and sequenced.
The architecture of the C E U and CEL4 proteins indicates a multidomain structure Deduced amino acid sequences from the open reading frames found in cel2 (pEYc521 and derivatives) and cel4 (pEYc1200 and derivatives) cDNAs showed that the encoded proteins had a modular structure (Fig. 1 ). Both showed a signal peptide at the N-terminus typical of the proteins to be secreted to the extracellular medium. A linker rich in Pro, Ser and Thr separated the fungal cellulose-binding domain (CBD) from the catalytic domain. As in other fungal cellulose-binding proteins, the CBD can be located either at the C-terminus (CEL1 and CEL2) or at the N-terminus (CEL3 and CEL4) of the protein.
Glycosyl hydrolases have been classified into several families according to amino acid sequence similarities (Henrissat, 1991 ; Henrissat & Bairoch, 1993) . CEL2 belongs to family 7, a family presently containing only fungal enzymes with either EG or cellobiohydrolase (CBH) activity. Sequence comparison using the PILEUP program showed that CEL2 aligned better with the CBHs than with the EGs (results not shown). All the CBHs show four distinct regions that are deleted from EGs. These regions form extended loops over the catalytic cleft of CBHs, explaining the differences in substrate specificity and catalytic properties between EGs and CBHs (Rouvinen et al., 1990; Divne et al., 1994) . Within the CBHs, CEL2 showed the strongest homology with CBHI-4 from Phanerochaete chrysosporium (67.1 % identical amino acids) and the weakest with CBHI-2 from the same organism (57.3 % identity) (Fig. 2) .
The catalytic domain of CEL4 belongs to family 5, by far the most extensive family of glycosyl hydrolases (Henrissat & Bairoch, 1993) . This family includes members from both aerobic and anaerobic bacteria, and fungi, with EG, mannanase, or 1,3-P-exoglucanase activity. CEL4 showed the strongest homology with the mannanases from Aspergillus aculeatus and T. reesei : 43.2% and 41.8% identical amino acid residues, respectively (Fig. 3) . Homologies with EGs, 1,3+ exoglucanases and bacterial mannanases were between 16-1 and 21.7% (data not shown). Interestingly, the 7'.
reesei mannanase also has a CBD, but in contrast to CEL4 it is at the C-terminal end (Stilbrand et al., 1995).
HemI: a gene whose expression is independent of the carbon source
We have sequenced a full-length cDNA, pSRc300 (EMBL accession number 250096), derived from a gene whose mRNA synthesis (Yagiie et al. , 1994) and steadystate levels ( Fig. 3b in variations in oxygen tension, carbon source or heat shock (Bradshaw et al., 1993) , and in A. bisporus both the synthetic rate and steady-state levels of hem1 mRNA are independent of the carbon source (Raguz et al., 1992; Yague et al., 1994) . Consequently, we have used the hem1 mRNA as an internal control for the analysis of cel mRNAs levels described below.
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Steadystate levels of ce/2 and ce/4 mRNAs are regulated by the carbon source
To gain insight into the regulation of ce12 and ce14 gene expression we performed similar experiments to those previously described with cell and ce13 Chow et al., 1994) . When crystalline cellulose was added to A. bisporus cultures grown on fructose, ce12 and ce14 mRNAs were detected only after 11 d (when the fructose concentration in the culture had decreased to 1 pg ml-'; data not shown) and accumulated thereafter (Fig. 4a) . A similar decrease in fructose concentration in the control experiment, to which only minimal medium was added, did not trigger accumulation of ce12 and ce14 mRNAs. When the fructosegrown mycelium was washed prior to transfer to cellulose medium, ce12 and ce14 mRNAs were detectable after 3 d, although significant accumulation was evident only after 6 d (Fig. 4b) . These results are therefore similar for the four cel genes studied so far, and indicate that the presence of crystalline cellulose is necessary, though not sufficient, to trigger the expression of the genes. However, of the four cel genes, cell is unique in that induced mRNA levels are found during growth on the soluble cellulose derivative CM-cellulose albeit at a lower level than that observed on crystalline cellulose . Differences between the accumulation of cel mRNAs induced by crystalline cellulose were observed when other sugars were added to the culture medium. Like ce13 (Chow et al., 1994) , ce12 and ce14 mRNAs were undetectable 24 h after the addition of glucose, fructose or lactose (Fig. 4c) . When the effect of glucose addition on cel mRNAs steady-state levels was monitored after shorter incubation times, all cel mRNAs disappeared with apparent half-lives of less than 20 min (data not shown). Mannitol and maltose led to a greater decrease of the ce12 transcript than glycerol and sorbitol. By contrast, the four carbon sources decreased the amount of ce14 transcript to a similar extent (Fig. 4c) . In contrast, with the exception of glycerol, all the sugars tested rendered cellulose-induced cell mRNA undetectable under the same conditions . None of the cel mRNAs were detectable in glycerol-grown mycelium in the absence of cellulose (results not shown; Yague etal., 1994; Chow et al., 1994) .
DISCUSSION
After a thorough screening of a cDNA expression library with an A. bisporus anti-'EG' antibody, the cDNAs for two CBHs (CEL2 and CEL3), one putative mannanase (CEL4) and a cellulose-binding protein of as yet unknown catalytic activity have been isolated (Fig. 1) . Although originally described as an anti-EG antibody (Wood & Thurston, 1991) , further analysis has demonstrated that the A. bisporus culture fraction used to raise this antiserum had, in addition to EG, P-glucosidase, CBH (measured as 4-methylumbelliferyl p-D-cellobioside hydrolysis) and crystalline-cellulose-degrading activities (this laboratory, unpublished observations). In addition, this antibody was unable to recognize a glutathione-S-transferase-CEL1 fusion protein (Armesilla et al., 1994) therefore, the A. bisporus anti-'EG ' antibody recognizes preferentially any protein with a CBD. The reason why no EG has yet been detected in the cDNA expression library remains uncertain, although several explanations can be envisaged. The EG cDNAs could be underrepresented in the library due to low levels of their transcripts in the sample used to construct the library.
Alternatively, the most abundant A. bisporus EGs may not possess a CBD, as is the case for some other fungal EGs (Ooi et a!., 1990) .
The CEL4 catalytic core belongs to family 5 of the glycosyl hydrolases, the most extensive family to date. Its members can be grouped in different subfamilies having different catalytic properties, such as EG, mannanase or 1,3-/?-glucanase activity (Henrissat & Bairoch, 1993) . By sequence comparison, CEL4 is most closely related to the mannanase subfamily (Fig. 3) . However, substrate specificity of family 5 glycosyl hydrolases can be relatively broad. For example, CelH of Clostridium thermocellurn is able to hydrolyse CMcellulose, xylan and barley P-glucan (Yagiie et al., 1990).
The chemically determined N-terminal sequence of some EG fractions from A. bisporus (Wood & Thurston, 1991) matches well with the deduced N-terminus of CEL4 (data not shown). Therefore, at present it cannot be ruled out that CEL4 may have some EG activity, although such activity has not been documented in the T . reesei mannanases characterized so far ( Arisan-Atac et al., 1993; Stilbrand et al., 1993 Stilbrand et al., , 1995 . Accumulation of the four A . bisporus cel mRNAs induced by crystalline cellulose follows a very similar pattern ( Fig. 4 ; Yagiie et al., Chow et al., 1994) . We have demonstrated previously by nuclear run-on analysis that this accumulation is, in part, the result of an activation of transcription for the cell and ce13 genes (Yagiie et al., Chow et al., 1994) , and this is also likely for ceZ2 and ce14. Whether an additional regulation takes place at the level of mRNA degradation remains to be determined. In yeast, glucose is known to affect the stability of transcripts for maltase and the iron-protein subunit of succinate dehydrogenase, among others (Federoff et al., 1983; Lombard0 et al., 1992) . In A.
bisporus, cel mRNAs decay rapidly after the onset of repression. However, demonstration that regulation occurs at the level of mRNA degradation would require comparison of the kinetics of cel mRNA decay under inducing and repressing conditions. Such data may be obtained by pulse-chase experiments (Federoff et al., 1983) , by using temperature-sensitive mutants of RNA polymerase I1 (Parker et al., 1991) , or by blocking transcription with appropriate inhibitors. The latter would probably be the option of choice to study mRNA turnover in A. bisporus.
